Oxidation of silicon wafers under external mechanical stress was studied in this work. From the oxide thickness profile measured by an automatic-scanning ellipsometer, it was found that the oxidation kinetics of silicon were significantly affected by mechanical stress. There are two distinct features of oxide thickness distribution corresponding to short and long times. By comparing the kinetic constants taken from experiments and the simulated stress distribution on the silicon wafer, we can possibly explain the two features of oxide thickness distribution: the initial rate constant is deformation dependent and the parabolic rate constant is stress dependent. The observed stress-dependent oxidation rates are important in the study of thin gate oxide reliability.
I. INTRODUCTION
With ultralarge-scale integration ͑ULSI͒ technology trends toward the deep-submicron regime, the reliability issue of mechanical stress becomes critical since the devices are much more complex in geometry and in the thin film materials used. 1 Intrinsic stress generated during thermal oxidation is caused by the mismatch of molecular volume and thermal expansion coefficients between Si and SiO 2 . [2] [3] [4] [5] This kind of stress is compressive in the oxide and tensile in silicon. 6 Mechanical stress generally comes from the deposition of different kinds of films such as SiO 2 , poly-Si, Si 3 N 4 and metal electrodes. Structures of devices at sharp corners and at interconnect edges exhibit high stress as well. Mechanical stress causes not only dislocation of the silicon substrate and cracking or failure of thin films, but also the degradation of electrical characteristics. Problems of failure in integrated circuits can be ultimately traced to mechanical stress that occurs at various process steps. Therefore it is important to understand the nature and impact of stress.
There are many studies that have concentrated on the nonplanar silicon oxidation and stress-dependent oxidation kinetic theory by extending the well-known Deal-Grove model. [7] [8] [9] [10] [11] It was also proposed that the compressive and tensile stresses from temperature nonuniformity or mechanically applied forces could affect the oxidation rate. [12] [13] [14] However, there is still little discussion of the oxidation kinetics under stress in the existing literature. In this work, we studied the effect of external mechanical stress on silicon oxidation, especially for finding the relation between oxidation kinetic constants and applied stress based on experimental and simulation results. Our work demonstrates the substantial effect of stress since the linear and parabolic rate constants are deformation and stress dependent, respectively. The observation is partially consistent with the hypothesis of the current stress-dependent model for silicon thermal oxidation.
II. THEORETIC MODELS FOR SILICON THERMAL OXIDATION
The silicon thermal oxidation mechanism had been explained by the well-known Deal-Grove model. 15 This model showed that oxidation behavior could be represented by the expression x 2 ϩAxϭB(tϩ), where x is the oxide thickness, t is the oxidation time, and is the equivalent oxidation time of initial oxide thickness before oxidation. It exhibits two processes in this model. One process is the chemical reaction at the Si-SiO 2 interface and is represented by the linear rate constant B/A. Another process is the diffusion process of oxygen atom through the SiO 2 film already formed and is represented by the parabolic rate constant B. The applicability of this model is restricted to onedimensional planar oxidation and is not completely suitable for the oxidation of a nonplanar or shaped silicon surface, [7] [8] [9] [10] [11] 16 even in the microscopic observation of onedimensional planar oxidation. [17] [18] [19] [20] Because the volume of a molecule of SiO 2 is about 2.3 times that of a silicon atom, 11, 13, 21 silicon oxidation is accompanied by a large increase in volume, thus large mechanical stress would be generated during oxidation. If the volume expansion only takes place normal to the silicon surface, no stress will be generated along the planar direction. However, experimental evidence has shown that the silicon wafers become curved during oxidation. [2] [3] [4] [5] This indicates the existence of fairly large in-plane stress in the SiO 2 film. The large in-plane stress is believed to have a substantial effect on the oxidation behavior, either on diffusion of the oxygen atom through the SiO 2 film or on the chemical reaction at the Si-SiO 2 interface. 11, 18, 22 Some complicated numerical models for nonuniform silicon oxidation have been developed to explain the microscopic oxidation behavior by extending the well-known Deal-Grove model to a two-dimensional stress-dependent model. [7] [8] [9] [10] [11] These modern oxidation models propose three a͒ Author to whom correspondence should be addressed; electronic mail: hwu@ee.ntu.edu.tw critical oxidation parameters that are stress dependent. The three parameters are surface reaction rate k s , oxidant diffisivity D, and oxide viscosity .
III. EXPERIMENT
Boron-doped ͑100͒, 3 in. silicon wafers with a resistivity of 1-10 ⍀ cm were used in this experiment. After standard RCA cleaning, the wafers were furnace oxidized in pure dry O 2 at 950°C, 1 atm. Conventional furnace thermal oxidation was used here in order to prevent temperature nonuniformity. Figure 1 shows a schematic diagram of the experimental setup. The wafers were placed vertically on a quartz boat. A small slice of quartz about 20 g was put across the middle of two adjacent wafers so that the two adjacent wafers sustain compressive and tensile stress separately. External applied force was applied so as not to cause visible dislocations or defects on the silicon wafers. This can be examined by using a preferential silicon etching solution to the etch silicon wafer after oxide removal. [23] [24] [25] [26] After oxidation, the oxide thickness was measured by an automatic-scanning ellipsometer with an accuracy of Ϯ5 Å.
Figures 2 and 3 show the oxide thickness profiles of the silicon wafer under compressive and tensile stress at different oxidation times, respectively. The data were measured at a 3 mm pitch so that one could see the entire oxide thickness profile on each silicon wafer. From Fig. 3͑a͒ , one can see that the wafer with tensile stress has a visible increase in oxide thickness. This phenomenon was mainly caused by the enlarged atom spacing of the silicon wafer under tensile stress at the initial oxidation region, as was discussed in previous studies. 13, 14 From Figs. 3͑b͒ and 3͑c͒, we found that when the oxidation time was longer, the oxide thickness at the lower part of the silicon wafer was somewhat thicker than that in Fig. 3͑a͒ . In order to realize this change in feature of the oxide thickness distribution, we extracted the kinetic rate constants from data fitting according to the well-known Deal-Grove model and compared them with the simulation stress distribution, discussed later. In this work, the experimental results of tensile stress showed an obvious effect on oxide thickness while that of compressive stress in Fig. 2 did not have a significant effect. The latter was mainly due to the fact that compressive stress was applied on the back side of silicon wafer.
IV. STRESS SIMULATION
ANSYS © Ver. 5.5 simulation software based on the finiteelement method was used in this simulation. The simulation simply considered the silicon wafer under stress during oxidation. Planar stress conditions with stress z ϭ0 but deformation U z 0 and isotropic material properties were assumed. The stress was applied in the ϪZ direction across the middle of the silicon wafer in the X direction. The bottom part of the silicon wafer was assigned to no displacement because it was constrained by the quartz wafer boat. That is, the wafer was absolutely rigid at the bottom of the boat in our simulation, although we did not know the actual size of the Si wafer constrained by the quartz boat. There was no other boundary condition or assumption in this simplified modeling. Figure 4 shows a diagram of the simulation setup. The material properties of the silicon wafer and the experimental parameters were as follows: Young's modulus E Si ϭ130 GPa, Poisson ratio Si ϭ0.28, shear modulus G ϭ80, density ϭ2330 kg/m 3 , linear thermal expansion coefficient ␣ϭ4.2ϫ10
Ϫ6 /°C ͑25°C͒, reference temperature T 0 ϭ25°C, and temperature load ⌬Tϭ925°C. The temperature load was the temperature difference between the reference temperature, 25°C, and the oxidation temperature, 950°C. The force applied in the ϪZ direction generates deformation and mechanical stress in the X and Y directions. According to the simulation carried out under the above applied force and temperature loads, we could obtain deformation components U x , U y , U z , and stress components x , y , xy of silicon. We put these stress components into the current stress-dependent oxidation model to compare with our experimental results. Figures 5͑a͒ and 5͑b͒ show the simulated deformation U xy ϭU x U y , i.e., the product of deformation in the X and Y directions, and the pressure p Si ϭ1/3( x(Si) ϩ y(Si) ϩ z(Si) ) in silicon, respectively. Clearly, nonuniform distributions of deformation and stress on the wafer due to intentionally induced mechanical stress are observed. Figure 6͑a͒ shows three measurement points of oxide, s11, s14, and s17, on the silicon wafer under tensile stress, and Fig. 6͑b͒ shows their measured oxide thickness versus oxidation time as well as the fitting polynomial curves for these three points. We could extract the linear and parabolic rate constants from the polynomial fitting curves in Fig. 6͑b͒ according to the well-known Deal-Grove model. shows the linear rate constant B/A versus the position across the diameter of silicon wafers under tensile stress and without stress, respectively. The linear rate constant B/A represents the chemical reaction at the Si-SiO 2 interface and has an enhanced value in the upper portion of the silicon wafer. From the experimental result shown in Figs. 3͑a͒-3͑c͒ , the oxide thickness distributions of the silicon wafer under tensile stress also exhibit a similar enhancement feature. It is proposed that this phenomenon is related to deformation of the silicon wafer since the spacing of silicon atoms is a main factor in determining the oxidation rate in the initial oxidation regime. From Figs. 3͑a͒-3͑c͒ , the portion of the silicon wafer to which stress was applied has the largest deformation in the wafer, therefore there is increasing oxide thickness in the middle of silicon wafer.
V. RESULTS AND DISCUSSION

A. Linear rate constant
Before the temperature load, the simulated deformation in the y direction U y is much larger than that in the X direction U x . The former possibly dominates the oxide growth rate in the initial oxidation regime and the observed phenomenon has been discussed previously. 12 However, after the temperature load ⌬Tϭ925°C was applied in the simulation, there is a significant increase of U x and U y due to thermal expansion of the silicon wafer. Figure 7͑b͒ shows the simulated U xy , i.e., the product of U x and U y , versus the position across the center diameter of silicon wafer. The product of U x and U y represents the expanding unit area of the silicon wafer under the temperature load. From Figs. 7͑a͒ and 7͑b͒ , it is believed that the expanding unit area of the silicon wafer under tensile stress and temperature load is related to the experimental linear rate constant B/A. Figure 8͑a͒ shows the parabolic rate constant B, extracted from experimental data fitting according to the wellknown Deal-Grove model, versus the position across the center diameter of silicon wafer under tensile stress. The parabolic rate constant B represents the diffusion process of the oxygen atom through the SiO 2 film and has an enhanced feature in the lower portion of the silicon wafer. The enhancement feature of oxide thickness can be seen in Figs. 3͑a͒-3͑c͒ when the oxidation time is long. When the oxidation time is short, only in the middle portion of the silicon wafer is there a visible increase in oxide thickness.
B. Parabolic rate constant
According to the current stress-dependent model of silicon oxidation, it has been hypothesized that one of the ef- fects of stress on SiO 2 film is the change of diffusivity in the oxidant. The parameter of oxidant diffusivity D versus the hydrostatic pressure p is [7] [8] [9] [10] [11] 
where p is the hydrostatic pressure in the SiO 2 and is equal to the average of normal stress components in the SiO 2 , i.e., p SiO 2 ϭ1/3( x(SiO 2 ) ϩ y(SiO 2 ) ϩ z(SiO 2 ) ), where x(SiO 2 ) , y(SiO 2 ) , and z(SiO 2 ) are stress components in the X, Y, and Z directions of SiO 2 , respectively. D 0 is the zero-stress diffusion coefficient. V d is a fitting parameter of the selected volume. Equation ͑1͒ predicts increasing D when p is negative. The increasing oxidant diffusivity D will make the oxidation rate faster.
The stress-dependent model also proposes the oxidation behavior on a nonuniform silicon surface. When oxide is grown on a convex silicon surface, the old oxide is stretched as it is being pushed out. In such a case the SiO 2 film is in a state of tension, so the pressure p in the SiO 2 is tensile and negative in Eq. ͑1͒. When oxide is grown on a concave silicon surface, the oxide is compressed as it is pushed in. The SiO 2 film is in a state of compression, so the pressure p in the oxide is compressive and positive in Eq. ͑1͒. [8] [9] [10] At present, there is no suitable stress-dependent model for silicon oxidation with applied stress as in our experiment. According to another existing theory and to experimental evidence, 2-6 the silicon surface generally bends convexly after thermal oxidation, i.e., the silicon is in a state of tensile stress and the SiO 2 is in a state of compression. However, this theory is derived taking into consideration intrinsic stress and thermal stress which were generated from mismatch of the molecular volume and the different thermal expansion coefficients between Si and SiO 2 during thermal oxidation. In this work, we consider only the stress caused by the applied force and the temperature load on silicon, without calculating the intrinsic stress and thermal stress. We also consider that our experimental sample under tensile stress was in a convex surface after oxidation because the sample was given a positive feedback of convex due to applied tensile stress. Therefore it is reasonable to assume that our experiment is likely to be the case of oxidation which can be explained by the above stress-dependent model. According to the above discussions, we have tried to use Eq. ͑1͒ to explain our experimental result and simulation. Our simulation showed that after oxidation under tensile stress on the silicon wafer, the stress components x(Si) and y(Si) in silicon were both tensile. We cited the concept from the stress-dependent model that in the convex silicon surface, the pressure p in the SiO 2 was tensile and negative in Eq. ͑1͒. Equation ͑1͒ predicts increasing oxidant diffisivity D when p is negative. We defined a modified pressure p Si ϭ1/3( x(Si) ϩ y(Si) ϩ z(Si) ) in the silicon and use p Si to represent the pressure p SiO 2 ϭ1/3( x(SiO 2 ) ϩ y(SiO 2 ) ϩ z(SiO 2 ) ) in the SiO 2 . This is on the basis that we could derive the stress in the oxide from the stress in the silicon according to the equilibrium theory of fluid. 2, 6, [29] [30] [31] In our two-dimensional simulation, only x(Si) and y(Si) are of interest and z(Si) ϭ0, thus only x(SiO 2 ) and y(SiO 2 ) are effective and z(SiO 2 ) ϭ0. Figure 8͑b͒ shows the simulated pressure of Si under tensile stress p Si versus positions on the silicon wafer. From  Fig. 8͑b͒ , we could infer that, when Si is under tensile stress, the p SiO 2 in Eq. ͑1͒ is negative and therefore the oxidant diffisivity D becomes large. The large oxidant diffisivity D would enhance the oxidant diffusion process, so the parabolic rate constant B became large as shown in Fig. 8͑a͒ . It is believed that the simulation is consistent with the observed behavior of experimental parabolic rate constant B, shown in Fig. 8͑a͒ . Our results are also consistent with previously published work that suggests that the main effect of stress is on the parabolic rate constant.
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VI. CONCLUSION
Silicon oxidation with externally applied mechanical stress is useful in studying the mechanical stress-induced oxidation rate. By comparing the kinetic constants extracted from experiments and the simulated stress distribution on the silicon wafer, we find important features like the linear rate constant B/A is deformation dependent and the parabolic rate constant B is stress dependent. It is therefore of interest to note that the oxidation kinetic rate constants are not only temperature dependent but are also affected by stress. This is important in the investigation of oxide quality related to stress especially in the ultrathin oxide regime.
